Abstract: This paper presents the loss-oriented performance analysis of a radial highspeed permanent magnet (PM) machine with concentrated windings for automotive application. The PM synchronous machine was designed for an operating frequency up to 800 Hz. The main aim of this paper is to analyse the selected methods for magnet eddycurrent loss reduction. The first approach to rotor modification regards magnet segmentation in circumferential and axial directions. The second approach is based on changes in tooth-tips shape of the stator. The best variants of tooth-tip shapes are determined for further investigation, and adopted with a rotor having magnet segmentation. It is found that the machine with a segmented magnet leads to magnet loss reduction by 81%. Further loss reduction by 45% can be realized with the proposed tooth-tip shape. Additionally, owing to the stator and rotor modifications, the main machine parameters are investigated, such as back-EMF, electromagnetic torque, torque ripple and cogging torque. The 2-D and 3-D finite element analysis (FEA) is used for electromagnetic analysis. An experimental approach based on a partially wound stator is employed to verify the 3-D FEA.
Introduction
Permanent magnet synchronous brushless machines (PMSM) having a high power density and good dynamic performance are widely used in many industries [1] [2] [3] [4] [5] [6] . High-speed, large size PMSM in the bus, military vehicle and truck units require from engineers focusing on the machine having light weight, high-performance, high efficiency and fuel reduction units with an appropriate level of durability. Vehicles with large size and large weight used in transport/ military sectors require high quantity of torque and power. In this case the radial-flux PMSM
FEA validation

Prototype motor definition and test rig
The founding of high-speed 3-phase PMSM comprises an 8-pole rotor with solid magnets mounted onto the rotor and that leads consequently to a high operating frequency up to 800 Hz. The 12-slot laminated stator is made of 0.35 mm silicon iron with a double layer concentrated winding. The main machine parameters are given in Table 1 . Magnet height (mm) 10
Magnet pole pitch (el. deg.) 147
Machine length (mm) 250
Stator core and magnet material M300-35 A / N33 EH Fig. 1a shows a cross section of the mathematical model (3-D FEM) of the PMSM with the winding sequence U+/V+/W+ used for PM loss and motor performance analysis. The model comprises the standard tooth-tip shape. For thermal tests and to evaluate the power loss within the analysed machine a simplified approach has been adopted utilizing the segmented stator topology. A three-tooth sector of the stator with a single wound coil surrounded by unwound segments can be used to provide valuable data for both theoretical and experimental validations, Figs. 1b-c. Fig. 1c shows three segments of the stator mounted on a cold plane cooled via an outer water jacket and set up in the environmental chamber. To simplify the analysis, the influence of the rotor and the mutual coupling between phases are assumed to be negligible. 
Numerical analysis of the basic motor performance
To validate the FE model the theoretical investigation of AC loss is carried out using a 3-D FEA based on a steady state AC harmonic formulation, and takes into account the distribution of the eddy-current induced in the conducting regions. In the first stage of armature design the winding includes 14 turns with 7 parallel conductors within a bundle, used only for FE model validation. A single tooth winding is instrumented with a number of type-K thermocouples. Then temperature measurements are monitored at each side of the coil including active length and end-windings. The thermal steady state is defined as temperature changes less than 1°C over 10 min. And the maximum recorded copper temperature was selected in the numerical model for the entire winding. The example of the temperature recorded for winding at I = 40 A is depicted in Fig. 2b . A number of tests were carried out to assess the power loss generated within the setup under AC operation. The winding was energised with the sinusoidal current of 40 A at 400/600/800 Hz. AC loss predictions including both a winding and laminated stator are compared with measurements giving a good agreement, Fig. 2a . The error of the AC measurements and 3-D FEA can be caused by geometry precision of the numerical model according to the winding strands, air-gap between stator segments, and the end-winding shape.
At 100 A the temperature of copper at 800 Hz reached very quickly 153°C (Fig. 2) . The maximum variable frequency sinusoidal current is assumed to be 150 A. Then the wire may start to overheat substantially, therefore, the 15 AWG wire size is proposed to be used. This leads to increase in the number of parallel conductors from 7 to 14 for RMS copper current density limitation. Then the number of turns per coil was reduced from 14 to 9. And that a new coil is finally used to the numerical model with a 50% copper fill factor, Fig. 1a . Due to both rotational and XY-plane symmetries only the 1/8 section of the complete motor crosssection needs to be modeled, Fig. 1a . Small changes in geometry dimensions can cause remarkable differences in the resulting performance of large PMSM. In this paper we focus on the EC loss in the PMs and torque computation for the machine with modified stator and rotor. Electromagnetic torque (T e ) is based on the stored magnetic co-energy change (W co-eng ) or the virtual work with a small displacement at constant current (I). 
EC loss generated in the PMs mainly arises from the flux density variations due to the stator slot opening and MMF time harmonics. The last cause of EC loss is not considered in this study since pure sinusoidal phase current excitation is assumed (high-frequency PWM effects neglected). In this paper the Joule loss of PMs is computed by FEA at 20°C and is expressed as:
where: E is an electric field strength, J is the current density in the PM, ρ is the resistivity of the PM (180 µΩcm), V is the PM volume. shows the variation of the magnet loss W PM at OC, SC and full load operation. Depending on motor speed the magnet loss at the SC operation is approximately three-four times higher than results at full load operation. It clearly shows that the PM eddy-current must be reduced to avoid the PM demagnetizing effect. It is important that the mover of the PM electric machine designed to produce required flux to reach the desired torque or induced voltage, cannot be demagnetized under periods of high load. Here, a critical typical scenario is a SC operation at an elevated temperature and full load operation. It is obvious that the high eddy-current in the PMs leads to rise the temperature in the magnets. And because the magnetic properties of NdFeB magnets are highly dependent on temperature, there is a high risk of partial/full demagnetisation at the event of the SC operation.
The overall EC loss in the solid magnets (n = 1) becomes considerably high at high speed, and generates up to 34.6 kW, 145 kW and 610 W at full load, three-phase symmetrical shortcircuit and open-circuit conditions, respectively (Fig. 5b) . And the loss leads to a rapid rise of the magnet temperature and degradation of the magnet performance. SC incidents on traction motors may have an adverse impact on vehicle stability. And SC operation can cause pulsating or even steady state braking torque in AC drives causing a sudden halt to the electric hybrid vehicle. For these reasons it is important to analyse PM loss at the SC condition. 3. The magnet EC loss minimization techniques and performance analysis
Magnet segmentation
The W PM in the used sintered NdFeB magnet material is prominent as the magnets position is much closer to the stator. It can be easily concluded that changing air-gap distance between magnets may influence the magnet loss quantity. The proposed machine with a magnet radially and/or circumferentially segmented is comprehensively investigated by using 3-D FE models. The electrical insulation material of 0.1 mm width is set to each segment direction. The evaluated EC vectors on magnets with a rotor at d-axis at full load conditions are plotted in Fig. 6 .
From Fig. 6a it is found that the W PM loss at the surface of the magnet is extremely high when the PM is solid (no PMs segmentation). Fig. 6b shows an example of one pair pole of the rotor, where the magnet is divided into n = 5 pieces in the circumferential direction. Fig. 6c shows an example where each magnet is subdivided into n = 16 pieces along the axial length. And both segmentation methods adopted to prevent the EC are presented in Fig. 6d . The effect of division of the magnet on the EC loss demonstrates the change in the EC paths in the magnet. It is clarified that the EC loss decrease strongly as the number of division of magnet n increases. It is quantitatively clarified that the divided magnet is very useful to decrease EC loss in PMSM with surface mounted magnet. The W PM loss for the proposed machine with 16 segments of the axial direction, and 5 segments of the circumferential direction at the SC condition are around 397 W and 380 W, respectively. And segmented magnets implemented to cut the paths of EC decreased the magnet loss about 81%. Further modification can be achieved when both circumferential and axial segmentations are adopted and the magnet loss was reduced to 255 W (n = 16 in axial direction and n = 5 in circumferential direction), Fig. 7c . Table 2 presents how much the main performance and efficiency of the machine is affected by magnet segmentation.
It is important to note that the values of torque constant k T and voltage constant k e are changed slightly by magnet segmentation. And because the PM loss was significantly reduced the efficiency η of the motor increased, although the iron loss increased due to flux leakage caused by air-gaps between magnet segments. Also it can be seen that the short-circuit current was reduced and torque ripple coefficient ε was slightly increased [18] .
The major problem of segmentation in the circumferential direction is that the mechanical strength of the magnet decreases when the number of segments n increases. Also, the magnet segmentation in the axial direction with a high number of division n can be expensive and more complex to assembly. Fig. 8 presents the design variables for the selected stator tooth-tips. Since the motor is a radial-flux topology, 2-D FEA was used to calculate various versions of modified tooth-tips. At this study, non-segmented PM array constructions are considered only. Each tooth-tip version is carried out to determine the final shape for the maximum W PM loss reduction without significant torque reduction. Versions I and II represent the modified tooth-tips at the corners with two variable parameters (α and a), Figs. 8a-b. In the second case when α increases, the radius (R) of tooth-tips increases as well and ranges from 2.6 mm to 17 mm. Versions III-IV and V-VI consist, single and double notches in the tooth-tips, respectively. Variable parameter of β 1 from version V is set to β 1 =β+1°. Changing the design parameters of the tooth-tip shape leads to change in the vibration and noise caused by cogging torque and electromagnetic torque ripple. These changes can seriously affect the motor performance. Figs. 10 and Fig. 11 demonstrate the variation of the normalized cogging torque T cog and torque constant k T by the T cog and k T of the reference motor versus the tooth-tip design variables. All motor versions except the motor version IV lead to increase in the cogging torque.
Modifying the tooth-tips of stator core
The numerical findings suggest that motor versions III-VI show acceptable options for significant W PM reduction and keeping the electromagnetic torque or torque constant k T at reasonable levels at load operation, Figs. 11c-f and Figs. 9c-f . Fig. 12 shows the variation in the voltage constant k e normalised by the k e of the reference motor versus tooth-tip design variables. The k e is computed at open-circuit operation and it decreases in all tooth-tip design cases. Nevertheless, the motor versions III-VI show that the k e reduction is relatively small compared with the huge reduction of the W PM . 
Adopting both methods: segmented PM and modified tooth-tips
The most promising tooth-tips geometries according to the FE analysis presented in Section 3.2 are selected and adopted to the machine with segmented magnets. The model with 4 and 16 magnet segments in the circumferential and axial directions, respectively, is used to explore the impact on W PM and iron loss (P Fe ), Table 3 . Torque constant was reduced up to 12%, and voltage constant (line-to-line) was reduced by 8.5% compared with the values of the reference motor. The proposed machine modifications prove that the W PM can be effectively attenuated by segmenting the magnets with the suggested shape of modified tooth-tips.
Conclusion and recommendation
This paper has presented a modified radial-flux machine with PM in order to improve the motor performance. The magnet with a different number of segments in the circumferential and/or axial directions, and the shape of a stator tooth-tip are modified for the purpose of decreasing the magnet eddy-current loss at high rotational speed under AC operation. A parametric study shows that depending on a number of PM segmentation (standard tooth-tip shape) the magnet loss and torque are reduced by 84% and 1.4%, respectively. Other advantages observed are short-circuit current and iron loss reductions. The modified tooth-tip shape (with solid magnet) significantly changes the magnetic path of the armature flux which leads to cut down the magnet loss. The disadvantage is the torque constant and voltage constant reduction. The highest magnet loss and smallest torque/voltage constant reduction are observed in the motor versions III and VI at full load operation (150 A).
From the results of the 3-D and 2-D FEA, it is clear that the proposed modifications to the stator and rotor can significantly reduce the magnet eddy-current loss for a large size machine without significant decreases in torque constant and voltage constant. A high torque ripple and cogging torque are the main disadvantages of the presented modified teeth-tip shapes. To minimize those effects, it is strongly recommended to use the segmented Halbach magnet array, magnetic wedges in the slot and interior-mounted magnets.
